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Figure 8-6 The best fit (solid red curve) using three resonances (1
-
,  2

- 
and 3

-
) is shown in comparison to the fit using 

only a (1
- 
and 2

-
 states) given by the dashed blue curve which was represented an a solid blue curve in 

Figure 8-5. 

 

In order to determine the uncertainties in the properties of states allowed by our data, we varied the properties of 

parameters in the fit and evaluated the variation in 
2
 as a function of the parameter values. If parameters are 

uncorrelated, then the statistical uncertainty in each parameter can be determined by varying each parameter 

independently. This reduces the error determination to a 1 dimensional problem, and the 1 uncertainty is 

determined when the value of 
2
 increases by 1. In our case, resonance structures near Ecm=2.2 MeV and 

Ecm=2.4 MeV are sufficiently well separated that it is a good approximation to treat parameters affecting each of the 

features as being independent from each other. However, the parameters for one state can not necessarily be treated 

as being independent of other parameters of that same feature. To properly assign the uncertainties associated with 

any one resonance, we simultaneously varied all of the parameters to evaluate the shape of the 
2
 function over the 

multidimensional surface and the correlations between parameters. 

In the case of the resonance at Ecm=2.2 MeV, the resonance energy is fairly tightly constrained by our fit to the 
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data and is relatively independent of the partial widths. In Figure 8-7 we show a one dimensional slice through the 


2
 surface varying only the resonance energy and holding all other parameters fixed, essentially treating the 

resonance energy as an uncorrelated parameter. This results in Ecm = 2.220  0.005 MeV (1 uncertainty). Other 

slices through the 
2
 surface give a similar result, which seems robust.  It should be emphasized that this uncertainty 

in the resonance energy represents the statistical uncertainty only.   

The partial widths of the Ecm = 2.2 MeV resonance are strongly correlated, and to determine the uncertainty in 

the partial widths we must examine the behavior of 
2
 over the parameter space. In Figure 8-8 we plot the change in 


2
 as a function of the ground state proton width, p, and the total width, . The total width, , is fairly tightly 

constrained, and we find that any change in  of more than 12 keV causes an increase in 
2
 of more than 1 

regardless of the partial widths. The relative partial widths themselves, however, are not well constrained except for 

a lower limit set on p. Specifically, we find  = 45  12 keV (with 1 uncertainty) and p > 15 keV with 90% 

confidence. This is logical given the effect of these parameters on the resonance structure observed in the elastic 

scattering cross section. The parameter p determines the coupling of the resonant state to the entrance channel and 

essentially sets the depth of the resonance, while the total width essentially sets the total width of the resonance. Our 

sensitivity to p is reduced due to the limited energy resolution in the measurement that results from straggling in the 

silicon ΔE detector. 

With these results for the 1- state, an interesting question is whether a satisfactory fit for the doublet can be 

found that is in agreement with previous measurements.  As previously discussed, we find a best fit with the highest 

energy resonance being natural parity. However, this appears to be in strong contradiction to the results from 

20
Ne(p,t)

18
Ne. To better understand this issue we have studied the behavior of our R-matrix calculations throughout 

the six dimensional parameter space that determines the shape of the resonance structure at Ecm = 2.4 MeV. In this 

exercise we have restricted the highest energy resonance to be 2
-
, with a 3

-
 state somewhat lower in energy. With 

this restriction, we are able to obtain a comparable description of our data to those shown in Figure 8-8 with the 

highest energy state being 2
-
, but such a fit also requires a relatively broad width for the highest energy 2

-
 state.  In 

Figure 8-9 we show our best fit to the data with the requirement that the highest energy resonance be 2
-
. In Figure 8-

10 we show a 2D slice through the 
2 
surface where we vary the energy of the 2

-
 resonance and its total width. There  
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Figure 8-7 The best energy fit for the 1
-
 state was determined by the minima in a chi-square versus Ecm graph. 

 

 

 

Figure 8-8 The change in 
2
 from the best fit is plotted against p and  for the 1

- 
state at Ecm = 2.2 MeV. 
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Figure 8-9 Fit to the data with states of 1

-
, 3

-
, and 2

-
 in order of increasing energy (solid blue line) is compared to fit 

with ordering of 3
-
 and 2

-
 states reversed (dashed red curve), which is same as solid red curve in Figure 

8-6. 

 

 

 
Figure 8-10 A 2D plot of Proton Width versus Ecm for a higher energy 2

-
 resonance, where Ecm=2.451 (0.008) MeV 

and Γp=87 (15) keV. 
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is some correlation between the parameters, and we adopt values for the 1 uncertainties that encompass all the 

parameter space with a total 
2
 within 1 of the best fit values. We thus find Ecm= 2.451 (0.008) MeV and p = 87 

(15) keV. Our results for the resonance energy are in fairly good agreement with previous results (See Table 5-1), 

but we find a total width for the 2
- 
resonance that is nearly 3 greater than the measurement of [Par99]. It is worth  

noting that the 2.45 MeV resonance is significantly broader than the 2.22 MeV resonance, indicating that we are 

likely not limited by instrumental resolution. 

It should also be noted that the broad width we observe for the 2.45 MeV state can not be attributed to the 

neighboring 3
-
 state. In fact, we are able to set a fairly restrictive limit on the width of the 3

-
 state from our data since 

an increase in the width of the 3
-
 state results in a quite pronounced structure in the elastic scattering cross section. 

To illustrate this fact, in Figure 8-11 we show another slice through the 
2
 parameter space where we vary the 

energy and width of the 3
-
 state. We are not able to place a good constraint on the energy of the 3

-
 state since it is not 

resolved from the 2
-
 state; however, we are able to set an upper limit on its width of p < 4 keV at the 90% 

confidence level. Note that while it appears from Figure 8-11 that we observe a width that is statistically different 

from zero, this is not the case as parameter slices with a larger width for the 2
-
 state can produce a similar fit with a 

negligible or even zero width for the 3
-
 state, as is illustrated by the fit shown in Figure 8-5 and 8-6. Thus, we can 

not claim observation of the 3
-
 state, but do set a significant upper bound on its width. 

All uncertainties quoted thus far are purely statistical in nature. The dominant systematic uncertainty in the 

resonance energies comes from the alpha energy calibration.  The 5 alpha lines used for calibration provide an 

accurate measure of the energy alphas deposit in the sensitive volume of the silicon detector over a range of energies 

comparable to those of the protons of interest. However, the silicon strip detectors have a thin dead layer on the 

surface that results in the detected alpha energy being slightly less than incident alpha energy. Calculations of the 

alpha energy loss in this dead layer using the manufacturers specifications indicate that the alpha energy is degraded 

by about 70 keV before entering the sensitive region of the detector.  Previous experience with the dead layer on the 

detectors indicates that this correction could be as large as 100 keV.  To account for this dead layer, we adjusted the 

alpha energies to account for the energy loss by the manufacturers specifications, and include a 30 keV systematic 

uncertainty on the resonance energies resulting from this uncertain dead layer.  This uncertainty spans the range of 

any realistic corrections, and is consistent with no correction at the 2 sigma level. This systematic uncertainty in the  
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Figure 8-11 A comparable plot for the characteristics of the 3

-
 state. We do not resolve the 3

-
 from the neighboring 

2
-
 state but are able to set an upper limit on its width of p < 4 keV (90% confidence level). 

 

energy calibration translates to a systematic uncertainty in the measured resonance energies (in the center-of-mass 

frame) of 8 keV.  

It should be noted that the previous measurements of the width of the 2
-
 state come from studies of the (p,t) 

transfer reaction which much more strongly populates the neighboring, narrow, natural parity 3
-
 state.  The relatively 

broad width of the 2
-
 state, and its close proximity to the more strongly populated 3

-
 state make it challenging to 

reliably extract widths from this doublet of states from the (p,t) study.  However, the different shapes resulting of the 

interference of the 2
-
 and 3

-
 states with Rutherford scattering provide a different sensitivity as the width of the 

resonance is related to the amplitude of the structure and not just its width. 

With the systematic uncertainty given above, our final results for the observed excitation energies are 6142 

(5)stat (8)sys keV (1
-
)  and 6373 (8)stat (8)sys keV (2

-
), in agreement with previous measurements with comparable total 
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uncertainty.  It should be noted that the systematic uncertainty in our resonance energies is an overall shift and does 

not effect the energy difference between the 1
-
 and 2

-
 states, which we find to be 231 (9) keV. This is in excellent 

agreement with the difference 224 (5) keV obtained if we take the most accurate previous values for the 1
-
 resonance 

of 6134 (1) keV [Bar12] for the 2
-
 resonance of 6358 (5) keV [Par99].  It should also be noted that our systematic 

uncertainty does not affect the partial widths extracted for the states observed. Only factors that contribute to the 

energy resolution of our experiment could affect the uncertainty in the total widths extracted, and we estimate these 

to be negligible compared to the systematic uncertainties in our extracted widths. 

Finally, let us now return to an assumption that we made when we began our analysis of the data. When we first 

fit the Ecm = 2.2 MeV resonance, we began by assuming that it resulted from a 1
-
 state in 

18
Ne. As discussed 

previously, this assignment is somewhat controversial, and a 2
-
 assignment is also possible. An important question to 

investigate is whether our data are consistent with a 2
-
 assignment for the Ecm = 2.2 MeV resonance. While it is not 

possible to produce a maximum in the elastic scattering excitation function from a 1
-
 resonance, which only allows 

channel spin 2
+
 in the entrance channel, it is possible to fit a minimum with either a 1

-
 or 2

-
 assignment. We fit our 

data with the requirement that the lowest energy resonance corresponding to the structure at Ecm = 2.2 MeV 

corresponds to a 2
-
 state in 

18
Ne, and fit the doublet of states corresponding to the structure at Ecm = 2.4  MeV with a 

1
- 
and 3

-
 state. We are able to obtain a nearly comparable fit with this assignment, and a fit to the data is shown in 

Figure 8-12 in comparison to the fit with the 2.22 MeV state being a 1
-
 state.  The resonance parameters are also 

compared in Table 8-1. While overall the fit is comparable, to fit the higher energy structure with a 1
-
 resonance 

requires a quite broad width for the 1
-
 state. This width is in strong contradiction to the width extracted from (p,t) 

transfer reaction studies. This middle 2.4 MeV resonance corresponds to the state that is very strongly populated in 

20
Ne(p,t)

18
Ne, and the constraint on the width of this state is much more robust than for the much weaker state at 

higher energies. In addition, one of the strong arguments [He10b] for a 2
-
 assignment for this resonance is the shape 

of the resonance structure (a maximum) observed in a previous measurement of 
17

F(p,p)
17

F elastic scattering that 

used a similar technique as ours (see Figure 5.2) [Gom00]. The structure observed in our data is not consistent that 

that of Reference [Gom00], exhibiting a very different shape of the excitation function in the region of the Ecm = 2.2 

MeV resonance. Therefore, the results of our experiment provide another piece of strong evidence that favors a 
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Figure 8-12 Fit to the data with states of 2

-
, 1

-
, and 3

-
 in order of increasing energy (solid red curve) is compared to 

fit with ordering of 1
-
, 3

-
 and 2

-
 (dashed blue curve), which is same as solid red curve in Figure 8-9. 

 

1assignment for the 6.13 MeV state in 
18

Ne. The best approach to finally and conclusively establish the spin 

assignment of this resonance is to directly measure the resonance yield of the 
14

O(,p)
17

F reaction, or the inverse 

17
F(p,)

14
O reaction. 

8.2 Alpha Analysis  

One conclusive way to assign the spin parity of the 1
-
 and 2

-
 states is through a measurement of the 

17
F(p,α)

14
O 

reaction that cannot populate unnatural parity states in 
18

Ne due to angular momentum conservation. The 

17
F(p,α)

18
Ne reaction is the time inverse of the ground state branch of the 

14
O(α,p)

17
F reaction, and the yield of alpha 

particles can also be used to determine the alpha width of the important 1- resonance once it is identified. We clearly 

distinguish alpha particles from other charged particles through ΔE-E particle identification in the silicon strip 

telescope as illustrated in Figure 7-6. We also are able to clearly identify recoiling oxygen ions in coincidence using 

the ΔE-E signals from the HIRC as is illustrated in Figure 7-8. 

Figure 8-13 is a 2D graph of the alphas’ total energy (MeV) found in the silicon telescope versus the oxygen 

ions’ total energy as measured by the HIRC. The alpha graph is done with a standard one ring one segment  
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.  

Figure 8-13  A graph of total silicon energy (MeV) of the alphas versus total HIRC energy (MeV) of the coincidence 

oxygen ions. 

 

condition, time cut, alpha cut, and oxygen cut. This creates a scan of the region of interest measured by this 

experiment from the top right corner down to the bottom left corner of Figure 8-13. The two red arrows point down 

diagonal lines to show the center of mass energy that corresponds to the lab energies detected. As expected, there is 

a steady decrease of 
17

F(p,α)
14

O particle reactions as a function of center of mass energy. Resonances in 
17

F(p,α)
14

O 

reaction would be distinguished in this plot as lines with negative slope corresponding to an unique sum energy. At a 

close regard, there is no clear resonant structure that can be observed through the alpha data in the region of interest. 

Unfortunately, over the course of our experiment we only detect 88 documented alphas, and the statistics seen are 

not sufficient to allow resonant states to be identified by the 
17

F(p,α)
14

O yield.  
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CHAPTER 9. THE DEVELOPMENT OF ANASEN 

9.1 ANASEN Improvements 

The 
17

F+p scattering experiment was the first radioactive ion beam experiment towards the development of 

ANASEN. Since that time, we have continued to develop and commission ANASEN. A campaign of experiments 

was completed between the summer of 2011 and the spring of 2013 during which time we gradually implemented 

new components of ANASEN. These experiments included measurements of 
19

O(d,p)
20

O, 
6
He+

4
He scattering, and a 

measurement of 
18

Ne(α,p)
21

Na. We briefly summarize some of these experiments and the development of ANASEN 

here. 

First, we changed the design of the HIRC to increase its acceptance and improve efficiency we moved from a 

1mm spacing between the wires to double that to 2 mm. Then we add position sensitivity by developing circuit 

board anodes to replace the first two anodes in the ionization chamber, shown in Figure 9-1. These circuit boards 

were made with 34 pads across the top of a central 13.49 cm squared-window in 21.59 cm diameter circuit board, 

shown in Figure 9-2. The pads have the dimension of 2 mm (height) x 3 mm (laterally across the window). There is 

a 1 mm gap in between the pads. We place the thin (20 μm) gold coated tantalum wires 2mm apart, attaching two 

wires per pad. The wires were best attached to the circuit board with regular solder and then A12 double compound 

epoxy over the top of the solder joints. The wires were attached on the opposite side of the window by the same A12 

epoxy. Each pad was traced as in individual signal to a 2x17 regular-density male-male right angle-header with a 

shroud. The first two anodes in the new HIRC are circuit board anodes, rotated by 90° from each other.  The signals 

are routed out in a circuit board feed thru and read by LSU-72 channel preamp box. This manner leaves 8 extra 

channels that can be used for up to 8 non position sensitive anodes from the new ionization chamber. We also 

changed the design of the conductive rings used for the anodes and the grounding planes for the remainder of the 

HIRC to a larger circular ring with a 7 inch diameter opening to increase the acceptance of the HIRC.  

9.2 The 
19

O(d,p)
20

O Experiment  

The second ANASEN commissioning experiment used a compact setup of the ANASEN Super-X3 detectors in 

conjunction with S2 annular strip detectors at forward and backward directions, respectively. This created a wide 

angular coverage for the measurement of the 
19

O(d,p)
20

O reaction. This experiment provides the first data using the 

position-resolution of the Super-X3 detectors and is being used to develop the calibration and analysis software for  
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Figure 9-1   A picture of the full heavy ion recoil chamber innards attached to a NW250 flange, complete with two 

position sensitive circuit boards. 

 

 

 
Figure 9-2   A close-up picture of the position sensitive circuit board for the heavy ion recoil chamber. 
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these detector systems. This experiment forms part of the Ph.D. thesis of FSU student Daniel Santiago-Gonzalez, 

who graduated in 2013 and is now a post doctor researcher with the LSU nuclear physics group.   

The location of the neutron-drip line in the oxygen isotopes is a very fruitful ground for the study of the nuclear 

mean-field in exotic nuclides. The excitation energy of the d3/2 orbital determines the location of the drip line. The 

fact that 
28

O is unbound, which contradicts most mean-field calculations, has recently been attributed to the 

importance of three-body interactions on the energy of loosely-bound orbitals [Ots10]. 

In this experiment with the early-implementation of the ANASEN setup (performed in July 2011), we measured 

the angular distribution of the 
17

O(d,p)
18

O  and 
19

O(d,p)
20

O reactions in order to determine the d3/2 spectroscopic 

factors of excited states of 
20

O. A recent experiment performed with the HELIcal Orbit Spectrometer (HELIOS) at 

Argonne National Laboratory used the same
 
reaction to study the spectrum of low-lying states up to 6 MeV in 

excitation energy. [Hof12]. Figure 9-3 displays spectra obtained from our experiment, which identifies the states 

observed in [Hof12]. In addition, we observe a strongly populated, unbound 4
+
 state at 7.75 MeV, which is expected 

to be based mainly on d5/2 x d3/2 configurations.  The forward angle detectors show a large amount of background 

from protons produced in fusion-evaporation and from elastic scattering from the small 
1
H contaminant in the CD2 

targets.  The data analysis is in progress, with the aim of reducing the background in the forward detectors through a 

tighter coincidence requirement with the energy of the recoiling particle. 

In the spring of 2102, we also remeasured this experiment with the complete ANASEN gas-filled system using 

a pure D2 gas as target that provided a much increased angular coverage, a higher yield and better efficiency beyond 

the 7.75 MeV state.  

9.3 
4
He(

6
He,

6
He)

4
He 

Clustering in A=10 nuclei has attracted a lot of attention recently due to the exciting possibility that a 

molecular-type configurations with valence nucleons “orbiting" the two center α−α core may play an important role. 

It has been suggested that the 6.179 MeV 0+ state in 
10

Be has an extended α:2n:α configuration. The rotational band 

with an unusually large moment of inertia that is built on this 0+ state with a 2+ member at 7.54 MeV and 4+ at 

10.15 MeV has been identified [Fre06]. Existence of the 6+ member of this rotational band was predicted in 

[Wol10]. We studied the structure of 
10

Be using a beam of 
6
He from RESOLUT with ANASEN in active gas target 

mode with 
4
He gas with a small admixture of CO2. This was the first measurement using helium gas in the 

ANASEN proportional counter. All components of ANASEN were used in the experiment except for the forward   
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Figure 9-3 Proton energy (MeV) versus detection angle (degrees) reconstructed from the 

19
O(d,p)

20
O 

experiment, measured with the early implementation of ANASEN detectors. The data shows the 

two detector groups, one at backward angles, one around 90 degrees. Marked are the kinematic 

curves for the known states.  

 

angle QQQ3detectors and the CsI detectors. The main goals of this measurement were to confirm the spin-parity 

assignment and large degree of clustering for the 4+ state at 10.15 MeV reported in [Fre06] and to search for the 6
+
 

member of the α:2n:α rotational band. The excitation functions for elastic and inelastic 
6
He+

4
He scattering were 

measured in the excitation energy range between 9 and 17 MeV. The 4
+
 resonance was observed, and based on 

preliminary evaluation of the cross section data at peak energy its reduced alpha-width is very large (more than the 

alpha single-particle limit), in agreement with [Fre06]. Analysis of the higher energy excitation function is still in 

progress. 

9.4 
14

N(α,p)
17

O With Active Gas Target 

The position-sensitive proportional counter is a key component of ANASEN that provides for tracking 

capability making ANASEN an active target detector. We performed initial tests of the active gas target approach 

using elastic scattering reactions. In 2013, we performed our first test measurement of an (α,p) reaction using the 

active gas target mode. A 30 MeV beam of 
14

N from the FSU tandem accelerator entered the ANASEN target 

chamber through a thin kapton window. The ANASEN chamber was filled with 
4
He gas with a small (1%) 
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admixture of CO2. Charged particles are detected by 19 7-μm-diameter carbon-fiber anode wires, arranged 

cylindrically around the beam axis, and by the ANASEN silicon-strip detectors. 

Protons and alpha particles were easily identified by their energy loss in the proportional counter. The center-of-

mass energy for each reaction was determined on an event by event basis from the trajectory of the ions based upon 

their position as measured by the proportional counter and by the silicon strip detector. In addition, the measured 

energy of the particles in the silicon allows the excitation energy of the final state to be determined. This complete 

excitation function was measured simultaneously with a center of mass energy resolution of roughly 70 keV 

FWHM.  

9.5 ANASEN at the NSCL 

The successful first campaign of experiments with ANASEN at FSU was brought to a close in March of 2013. 

In April the ANASEN detectors and electronics were moved to the National Superconducting Cyclotron Laboratory 

(NSCL) on the campus of Michigan State University to be used in the first commissioning experiments with low 

energy accelerated beams from the new ReA3 Facility under development there. A new set of hardware (vacuum 

chambers, pumps and supporting infrastructure) was developed at LSU and transported to the NSCL in preparation 

for arrival of the detectors. The ANASEN installation at the NSCL was completed in April-June of 2013. A 

photograph showing ANASEN at ReA3 is shown in Figure 9-4. 

The first stable low energy beams were delivered to ANASEN in July of 2013 for commissioning and 

development. A beam of 
16

O(q=7
+
) from the Electron Beam Ion Trap (EBIT) Charge-Breeder was mass analyzed 

and accelerated by the RFQ and ReA3 Superconducting linac to 2.4 MeV/u before being transported  through the L-

Line and newly completed L-Line Extension beamline and delivered to the ANASEN target. The incident 
16

O beam 

was scattered from a thin carbon target and detected in the ANASEN silicon strip detectors. The beam energy spread 

was determined from the measured width of the elastic scattering peak shown in the forward silicon strip detector 

array and found to be less than or about 2% (FWHM), in good agreement with expectations for the accelerator 

performance. 

Next proton elastic scattering was measured using a 
12

C beam from the EBIT and ReA3 accelerator to bombard 

a thick, polypropylene target. The center of mass energy was determined from the measured energy and lab angle of 

each particle using an approach that was similar to that used for the 
17

F+p elastic scattering experiment and will be 

employed for the first radioactive ion beam experiments using beams from the ReA3 facility. The calculated center-  
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Figure 9-4 A photograph of ANASEN at MSU’s NSCL.  

 

of-mass energy spectrum is shown Figure 9-5. The sharp peak at 5.2 MeV in the lab frame corresponds to the well-

known doublet of states, 
 

 

 
 and  

 

 

 
, in 

13
N at 3.5 MeV excitation energy. The excellent energy resolution obtained 

shows that the combination of reaccelerated beams from the ReA3 facility with ANASEN provides a sensitive 

technique for observing resonant structures via elastic scattering. 

In August of 2013 ANASEN was used in the first experiment using reaccelerated radioactive ion beams from 

the ReA3 facility at the NSCL. A beam of 
37

K (half-life of 1.2 s) with an energy of 2.3 MeV/u bombarded a solid 

1.2 mg/cm
2
 CH2 target. Elastically scattered protons were detected by the ANASEN silicon strip detectors in 

coincidence with recoiling heavy nuclei in the gas ionization chamber located downstream around zero degrees. The 

experiment was designed to search for strong resonances in 
38

Ca, relevant for the 
37

K(p,) reaction that is important 

for X-ray bursts. The average intensity of the 
37

K beam was about 300 particles per second, which was contaminated 

with a similar intensity of 
13

C ions.  A particle identification plot from the gas ionization chamber showing energy 

loss in the first segment of the ionization chamber versus total energy is shown in Figure 9-6. Use of the gas 

ionization chamber at zero degrees was crucial for distinguishing scattering events initiated by 
37

K from those 

initiated by 
13

C.  While the statistics obtained (totaling about 1000 
37

K+p coincidence events) are relatively low in 

this short run, this experiment demonstrates both strengths and challenges to be addressed in the future experimental   
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Figure 9-5 Counts versus center of mass energy with a 
12

C beam.  

 

 

 

Figure 9-6 Relative Energy Loss [Arbitrary Units] versus Energy [Arbitrary Units] for a 
37

K beam bombarding a 

CH2 target at the ReA3 facility at the NSCL.  
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program. For example, the beam emittance and energy resolution coupled with the capabilities of ANASEN allow 

events to be reconstructed in the center-of-mass with high resolution even using a thick target.  However, the time 

structure of the EBIT results in challenges in detecting and identifying events with a beam of mixed composition. 

The development of intense beams with better purity and time structure will be a focus of future work. We have 

developed and submitted a proposal now under consideration by the NSCL PAC to remeasure the 
37

K+p elastic 

scattering reaction that will form the basis for the thesis of a future LSU student.  
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